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the	 genome	 and	metabolic	 network	 of	 a	 haploid	male	 strain	 of	E.	 subulatus,	 establishing	 it	 as	 a	37	




have	 identified	a	number	of	 further	genes	 that	we	suspect	 to	contribute	 to	stress	 tolerance	 in	E.	42	
subulatus,	including	an	expanded	family	of	heat	shock	proteins,	the	reduction	of	genes	involved	in	43	
the	 production	 of	 halogenated	 defense	 compounds,	 and	 the	 presence	 of	 fewer	 cell	 wall	44	
polysaccharide-modifying	enzymes.	However,	96%	of	genes	that	differed	between	the	two	examined	45	
Ectocarpus	 species,	 as	well	 as	 92%	 of	 genes	 under	 positive	 selection,	were	 found	 to	 be	 lineage-46	
specific	and	encode	proteins	of	unknown	function.	This	underlines	the	uniqueness	of	brown	algae	47	
with	 respect	 to	 their	 stress	 tolerance	 mechanisms	 as	 well	 as	 the	 significance	 of	 establishing	 E.	48	
subulatus	as	a	comparative	model	for	future	functional	studies.		 	49	
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Introduction	50	
Brown	 algae	 (Phaeophyceae)	 are	 multicellular	 photosynthetic	 organisms	 that	 are	 successful	51	
colonizers	of	rocky	shores	of	the	world’s	oceans,	in	particular	in	temperate	and	polar	regions.	In	many	52	
places	they	constitute	the	dominant	vegetation	in	the	intertidal	zone,	where	they	have	adapted	to	53	







independent	 lineage	 of	 Eukaryotes,	 the	 Stramenopiles	 (Archibald,	 2009).	 This	 phylogenetic	61	











genomic	differences	 to	physiological	differences	and	possible	adaptations	 to	 their	 lifestyle.	To	be	73	
able	to	generate	more	accurate	hypotheses	on	the	role	of	particular	genes	and	genomic	features	for	74	
adaptive	traits,	a	common	strategy	is	to	compare	closely	related	strains	and	species	that	differ	only	75	











particular	 of	 low	 salinity	 tolerance,	 in	 brown	 algae.	 Similar	 strategies	 have	 previously	 been	87	
successfully	employed	in	terrestrial	plants,	where	“extremophile”	relatives	of	model-	or	economically	88	
relevant	 species	have	been	 sequenced	 to	explore	new	stress	 tolerance	mechanisms	 in	 the	green	89	
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into	 the	 dynamics	 of	 Ectocarpus	 genome	 evolution	 and	 divergence,	 and	 highlights	 important	93	
adaptive	 processes,	 such	 as	 a	 potentially	 retrotransposon	 driven	 expansion	 of	 the	 family	 of	94	
chlorophyll-binding	 proteins	 with	 subsequent	 diversification.	 Most	 importantly,	 our	 analyses	95	










(Table	 1).	 After	 all	 cleaning	 and	 filtering	 steps,	 and	 considering	 only	 algal	 scaffolds,	 the	 average	106	
sequencing	coverage	was	67	X	for	the	pair	end	library	and	the	genomic	coverage	(number	of	unique	107	
algal	mate	pairs	*	span	size	/	assembly	size)	was	6.9,	14.4,	and	30.4	X	for	the	3	kb,	5	kb,	and	10	kb	108	
mate	 pair	 libraries,	 respectively.	 The	 bacterial	 sequences	 corresponded	 predominantly	 to	109	
Alphaproteobacteria	 (50%,	 with	 the	 dominant	 genera	 Roseobacter	 8%	 and	 Hyphomonas	 5%)	110	
followed	by	Gammaproteobacteria	(18%)	and	Flavobacteria	(13%).	RNA-seq	experiments	yielded	a	111	
total	 of	 4.2	 Gb	 of	 sequence	 data	 for	 a	 culture	 of	 E.	 subulatus	 Bft15b	 cultivated	 in	 seawater.	112	
Furthermore,	4.5	Gb	and	4.3	Gb	were	obtained	for	two	libraries	of	a	freshwater	strain	of	E.	subulatus	113	
from	Hopkins	River	Falls	after	growth	 in	 seawater	and	 in	diluted	medium,	 respectively.	Of	 these,	114	








manually	 removed	 from	the	Ec32	genome.	This	 is	also	coherent	with	 the	 lower	mean	number	of	123	
introns	 per	 gene	 observed	 in	 the	 Bft15b	 strain.	 For	 10,395	 (40	 %)	 of	 these	 predicted	 proteins	124	
automatic	annotations	were	generated	based	on	BlastP	searches	against	the	Swiss-Prot	database;	125	
furthermore	724	proteins	were	manually	annotated.	The	complete	 set	of	predicted	proteins	was	126	
used	 to	 evaluate	 the	 completeness	 of	 the	 genome	 based	 on	 the	 presence	 of	 conserved	 core	127	
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Using	 the	REPET	pipeline,	we	determined	 that,	 similar	 to	 results	 obtained	 for	 strain	 Ec32,	 the	E.	132	
subulatus	 genome	 consisted	of	 30%	 repeated	elements,	 i.e.	 10%	 less	 than	S.	 japonica.	 The	most	133	
abundant	groups	of	repeated	elements	were	large	retrotransposon	derivatives	(LARDs),	followed	by	134	
long	 terminal	 repeats	 (LTRs,	 predominantly	 Copia	 and	 Gypsy),	 and	 long	 and	 short	 interspersed	135	
nuclear	elements	 (LINEs).	The	overall	distribution	of	sequence	 identity	 levels	within	superfamilies	136	
showed	two	peaks,	one	at	an	identity	level	of	78-80%,	and	one	at	96-100%	(Figure	1),	indicating	two	137	
periods	of	high	transposon	activity	in	the	past.	Terminal	repeat	retrotransposons	in	miniature	(TRIM)	138	
and	 LARDs,	 both	 non-autonomous	 groups	 of	 retrotransposons,	were	 among	 the	most	 conserved	139	





their	 Ectocarpus	 sp.	 Ec32	 counterparts,	 respectively,	 in	 the	 conserved	 regions	 (Figure	 2).	 The	145	
mitochondrial	 genome	 of	E.	 subulatus	 differed	 from	 that	 of	Ectocarpus	 sp.	 Ec32	 essentially	with	146	
respect	to	the	presence	of	three	additional	maturase	genes,	as	well	as	one	and	two	introns	within	147	
the	16S	and	23S	 rRNA	genes,	 respectively.	A	 large	structural	difference	was	observed	only	 in	 the	148	










was	 true	 for	 only	 3,605	 proteins	 of	 strain	 Ec32.	 Furthermore,	 among	 the	 clusters	 of	 genes,	 we	159	
observed	differences	in	copy	number	for	several	of	the	proteins	between	the	two	species.	Using	gene	160	
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light	 signaling,	 which	 arise	 from	 the	 presence	 of	 transposable	 elements	 in	 the	 genome	 (see	167	
Supporting	 Information	File	S1).	However,	no	significantly	enriched	GO	terms	were	 found	among	168	
protein	 families	expanded	 in	 the	E.	 subulatus	 genome.	 In	 contrast,	 several	 categories	were	over-169	
represented	among	the	genes	and	gene	families	specific	to	or	expanded	in	the	Ectocarpus	sp.	Ec32	170	
strain,	many	of	which	were	related	either	to	signaling	pathways	or	to	the	membrane	and	transporters	171	














2,074	metabolic	 reactions	 and	 2,173	metabolites	 in	 464	 pathways,	 259	 of	which	were	 complete	186	
(Figure	3).	These	results	are	similar	to	data	previously	obtained	for	Ectocarpus	sp.	Ec32	(Prigent	et	187	
al.,	 2014;	 see	 http://gem-aureme.irisa.fr/ectogem	 for	 the	 most	 recent	 version;	 1,977	 reactions,	188	
2,132	metabolites,	2,281	genes,	459	pathways,	272	complete	pathways).	Comparisons	between	both	189	
networks	 were	 carried	 out	 on	 a	 pathway	 level	 (Supporting	 Information	 Table	 S3),	 focusing	 on	190	
pathways	present	(i.e.	complete	to	more	than	50%)	in	one	of	the	species,	but	with	no	reactions	in	191	
the	other.	This	 led	to	the	identification	of	16	pathways	potentially	specific	to	E.	subulatus	Bft15b,	192	
and	 11	 specific	 to	 Ectocarpus	 sp.	 Ec32,	 which	 were	 further	 manually	 investigated.	 In	 all	 of	 the	193	
examined	 cases,	 the	 observed	 differences	 were	 due	 to	 protein	 annotation,	 but	 not	 due	 to	 the	194	
presence/absence	 of	 proteins	 associated	with	 these	 pathways	 in	 both	 species.	 For	 instance,	 the	195	








In	 total,	 7,147	 pairs	 of	 orthologs	 were	 considered	 to	 search	 for	 genes	 under	 positive	 selection	204	
between	 the	 two	 examined	 strains	 of	 Ectocarpus,	 and	 we	 identified	 83	 gene	 pairs	 (1.2%)	 that	205	
exhibited	dN/dS	ratios	>	1	(Supporting	Information	Table	S4).	This	proportion	was	low	compared	to	206	
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the	12%	of	genes	under	positive	selection	found	in	a	study	comprising	also	kelp	and	diatom	species	207	
(Teng	et	al.,	 2017).	Note	however,	 that	our	analysis	 focused	on	 the	global	dN/dS	 ratio	per	gene,	208	
rather	than	the	local	dN/dS	ratio	per	codon	site	(implemented	in	codeml,	PAML)	used	by	Teng	et	al.	209	
(2017).	The	gene	pairs	under	positive	selection	may	be	related	to	the	adaptation	to	the	different	210	




one	 TIP49	 domain,	 one	DnaJ	 domain,	 one	NADH-ubiquinone	 oxidoreductase	 domain,	 one	 SWAP	215	
domain,	 and	 six	 ankyrin	 repeat	 domains).	 Ankyrin	 repeat	 domains	 were	 significantly	 over-216	









(e-value	 cutoff	 of	 1e-10	 against	 the	 nr	 database).	 They	 can	 thus	 be	 considered	 as	 taxonomically	226	







in	 cases	 of	 sympatric	 or	 parapatric	 speciation,	 genes	 under	 positive	 selection	 are	 predominant	234	
among	 rapidly	 evolving	 genes	 (Swanson	 and	 Vacquier,	 2002).	 There	 was	 no	 trend	 for	 positively	235	








in	 Ec32	 but	 absent	 in	 Bft15b,	 it	 is	 difficult	 to	 distinguish	 between	 the	 effects	 of	 a	 potentially	244	
incomplete	genome	assembly	and	true	gene	losses	in	Bft15b.	To	further	reduce	this	bias	during	the	245	
manual	 examination	 of	 lineage-specific	 genes,	 the	 list	 of	 genes	 to	 be	 examined	was	 reduced	 by	246	
additional	restrictions.	First,	only	genes	that	did	not	have	orthologs	in	S.	japonica	were	considered.	247	
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This	 eliminated	 several	 predicted	proteins	 that	may	have	 appeared	 to	 be	 lineage-specific	 due	 to	248	
incomplete	 genome	 sequencing,	 but	 also	 proteins	 that	 have	 been	 recently	 lost	 in	 one	 of	 the	249	
Ectocarpus	 species.	 Secondly,	 the	 effect	 of	 possible	 differences	 in	 gene	 prediction,	 notably	 the	250	
manual	removal	of	monoexonic	gene	models	in	Ectocarpus	sp.	Ec32,	was	minimized	by	including	an	251	
additional	 validation	 step:	 only	proteins	without	 corresponding	nucleotide	 sequences	 (tblastn,	 e-252	
value	<	1e-10)	 in	the	other	Ectocarpus	genome	were	considered	for	manual	examination.	Thirdly,	253	





the	 remaining	 193	 genes,	 145	 had	 hits	 (e-value	 <	 1e-5)	 in	 Ectocarpus	 sp.	 Ec32.	 The	 majority	259	
corresponds	 to	multi-copy	 genes	 that	 had	 diverged	 prior	 to	 the	 separation	 of	 Ectocarpus	 and	 S.	260	
japonica,	and	for	which	the	Ectocarpus	sp.	Ec32	and	S.	japonica	orthologs	were	probably	lost.	The	261	
remaining	48	 genes	were	manually	 examined	 (genetic	 context,	GC	 content,	 EST	 coverage);	 18	of	262	
them	 corresponded	 to	 probable	 bacterial	 contaminations	 and	 the	 corresponding	 scaffolds	 were	263	
removed.	Finally,	the	remaining	30	genes	were	manually	annotated	and	classified:	13	had	homology	264	
only	with	uncharacterized	proteins	or	were	 too	dissimilar	 from	characterized	proteins	 to	deduce	265	
hypothetical	functions;	another	eight	probably	corresponded	to	short	viral	sequences	integrated	into	266	
the	 algal	 genome	 (EsuBft1730_2,	 EsuBft4066_3,	 EsuBft4066_2,	 EsuBft284_15,	 EsuBft43_11,	267	
EsuBft551_12,	 EsuBft1883_2,	 EsuBft4066_4),	 and	 one	 (EsuBft543_9)	 was	 related	 to	 a	268	
retrotransposon.	Two	adjacent	genes	(EsuBft1157_4,	EsuBft1157_5)	were	also	found	in	diatoms	and	269	
may	 be	 related	 to	 the	 degradation	 of	 cellobiose	 and	 the	 transport	 of	 the	 corresponding	 sugars.	270	
Furthermore,	two	genes,	EsuBft1440_3	and	EsuBft1337_8,	contained	conserved	motifs	(IPR023307	271	
and	SSF56973)	 typically	 found	 in	 toxin	 families.	 Finally,	 two	additional	proteins,	EsuBft36_20	and	272	
EsuBft440_20,	 consisted	 almost	 exclusively	 of	 short	 repeated	 sequences	 of	 unknown	 function	273	
(“ALEW”	and	“GAAASGVAGGAVVVNG”,	respectively). 274	
In	Ectocarpus	sp.	Ec32,	97	proteins	corresponded	to	the	E.	siliculosus	virus-1	inserted	into	the	Ec32	275	
genome	–	no	 similar	 insertion	was	detected	 in	E.	 subulatus.	 The	 large	majority	of	 proteins	 (511)	276	
corresponded	to	proteins	of	unknown	function	without	matches	in	public	databases.	The	remaining	277	
81	proteins	were	generally	poorly	annotated,	usually	only	via	the	presence	of	a	domain.	Examples	278	
are	 ankyrin	 repeat-containing	 domain	 proteins	 (12),	 Zinc	 finger	 domain	 proteins	 (6),	 proteins	279	
containing	wall	sensing	component	(WSC)	domains	(3),	protein	kinase-like	proteins	(3),	and	Notch	280	
domain	proteins	(2)	(see	Supporting	Information	Table	S5).	281	
Regarding	 expanded	 gene	 families,	 OrthoFinder	 indicated	 232	 clusters	 of	 orthologous	 genes	282	
(corresponding	 to	4,064	proteins)	expanded	 in	 the	genome	of	E.	 subulatus,	and	450	expanded	 in	283	
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Cell	walls	are	key	components	of	both	plants	and	algae	and,	as	a	 first	barrier	 to	 the	surrounding	308	
environment,	 important	 for	 many	 processes	 including	 development	 and	 the	 acclimation	 to	309	
environmental	 changes.	 Synthesis	 and	 degradation	 of	 cell	 wall	 oligo-	 and	 polysaccharides	 is	310	
facilitated	by	carbohydrate-active	enzymes	(CAZymes)	(http://www.cazy.org/;	Cantarel	et	al.	2009).	311	
These	comprise	several	families	including	glycoside	hydrolases	(GHs)	and	polysaccharide	lyases	(PLs),	312	





homologous	to	known	PLs	and	CEs	 (Figure	5).	 In	particular,	 the	consistent	 lack	of	known	alginate	318	
lyases	and	cellulases	in	the	E.	subulatus	and	the	other	brown	algal	genomes	suggests	that	other,	yet	319	






E.	 subulatus	 is	 frequently	 found	 in	brackish-	and	even	 freshwater	environments	 (West	and	Kraft,	326	
1996)	where	its	cell	wall	exhibits	little	or	no	sulfation	(Torode	et	al.,	2015).	Hence,	we	also	assessed	327	
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These	 were	 initially	 found	 in	 yeasts	 (Verna	 et	 al.,	 1997)	 where	 they	 act	 as	 cell	 surface	336	
mechanosensors	 and	activate	 the	 intracellular	 cell	wall	 integrity	 signaling	 cascade	 in	 response	 to	337	
hypo-osmotic	shock	(Gualtieri	et	al.,	2004).	In	brown	algae,	these	WSC	domains	may	also	regulate	338	
wall	 rigidity,	 through	 the	 control	 of	 the	 activity	 of	 appended	 enzymes,	 such	 as	mannuronan	 C5-339	
epimerases,	 which	 act	 on	 alginates	 (Hervé	 et	 al.,	 2016).	 Surprisingly,	 the	 total	 number	 of	 WSC	340	
domains	 is	 reduced	 in	 E.	 subulatus	 compared	 to	 Ectocarpus	 sp.	 Ec32	 with	 around	 320	 vs.	 444	341	




like	 most	 animals	 and	 plants,	 but	 as	 laminarin	 (Read	 et	 al.,	 1996).	 Brown	 algae	 also	 have	 the	346	
particularity	of	using	the	photoassimilate	D-fructose	6-phosphate	to	produce	the	alcohol	sugar	D-347	
mannitol	instead	of	sucrose	like	land	plants.	The	E.	subulatus	genome	contains	similar	sets	of	genes	348	
for	carbon	storage	compared	to	Ectocarpus	sp.	Ec32:	all	 the	genes	encoding	enzymes	 involved	 in	349	
sucrose	metabolism	 and	 starch	 biosynthesis	 are	 completely	 absent	while	 all	 genes	 necessary	 for	350	
trehalose	synthesis,	as	well	as	 laminarin	synthesis	and	recycling	were	found.	Also,	three	copies	of	351	
M1PDH	genes	were	found	in	both	Ectocarpus	species	compared	to	two	in	S.	japonica,	probably	due	352	
to	a	 recent	duplication	of	M1PDH1/M1PDH2	 in	 the	Ectocarpales	 (Tonon	et	al.,	2017)	 (Supporting	353	
Information	File	S1).		354	
Sterol	metabolism	355	
Sterols	 are	 important	 modulators	 of	 membrane	 fluidity	 among	 eukaryotes,	 and	 provide	 the	356	
backbone	 for	 signaling	 molecules	 (Desmond	 and	 Gribaldo,	 2009).	 Fucosterol,	 cholesterol,	 and	357	





SC5DL,	and	 two	SMTs).	The	 remaining	 two,	a	delta-24-reductase	 (DHCR24)	and	a	C22	desaturase	363	
(CYP710),	were	probably	lost	secondarily.	In	land	plants,	these	latter	enzymes	are	involved	in	the	two	364	
steps	transforming	fucosterol	 into	stigmasterol.	Fucosterol	 is	 the	main	sterol	 in	brown	algae,	and	365	
provides	a	substrate	for	saringosterol,	a	brown-alga	specific	C24-hydroxylated	fucosterol-derivative	366	
with	antibacterial	activity	(Wächter	et	al.,	2001).	367	
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These	 products	 are	 polymers	 of	 phloroglucinol,	 which	 are	 synthesized	 via	 the	 activity	 of	 a	372	
phloroglucinol	synthase,	a	type	III	polyketide	synthase	characterized	in	Ectocarpus	sp.	Ec32	(Meslet-373	
Cladière	et	al.,	2013).	In	analogy	to	the	flavonoid	pathway	of	land	plants,	the	further	metabolism	of	374	
phlorotannins	 is	 thought	 to	 be	 driven	 by	 members	 of	 chalcone	 isomerase-like	 (CHIL),	 aryl	375	
sulfotransferase	 (AST),	 flavonoid	 glucosyltransferase	 (FGT),	 flavonoid	O-methyltransferase	 (OMT),	376	
polyphenol	 oxidase	 (POX),	 and	 tyrosinase	 (TYR)	 families	 (Cock	et	 al.,	 2010).	While	 copy	numbers	377	
















Transporters	 are	 key	 actors	 driving	 salinity	 tolerance	 in	 terrestrial	 plants	 (Volkov,	 2015).	 We	394	
therefore	 carefully	 assessed	 potential	 differences	 in	 this	 group	 of	 proteins	 that	 may	 explain	395	
physiological	differences	between	Ec32	and	Bft15b	based	on	the	five	main	categories	of	transporters	396	
described	 in	 the	 Transporter	 Classification	 Database	 (TCDB)	 (Saier	 et	 al.,	 2016):	 channels/pores,	397	
electrochemical	potential-driven	transporters,	primary	active	transporters,	group	translocators,	and	398	
transmembrane	electron	carriers.	A	total	of	292	genes	were	identified	in	E.	subulatus	(Supporting	399	
Information	Table	S1).	They	consist	mainly	of	 transporters	belonging	 to	 the	 three	 first	 categories	400	
listed	above.	All	27	annotated	transporters	of	the	channels/pores	category	belong	to	the	alpha-type	401	
channel	 (1.A.)	 and	 are	 likely	 to	 be	 involved	 in	 movements	 of	 solutes	 by	 energy-independent	402	
processes.	One	hundred	and	forty-five	proteins	were	found	to	correspond	to	the	second	category	403	
(electrochemical	 potential-driven	 transporters)	 containing	 transporters	 using	 a	 carrier-mediated	404	
process	 to	 catalyze	 uniport,	 antiport,	 or	 symport.	 The	 most	 represented	 superfamilies	 are	 APC	405	
(Amino	 Acid-Polyamine-Organocation,	 24),	 DMT	 (Drug/Metabolite	 Transporter,	 16),	 MFS	 (Major	406	
Facilitator	Superfamily,	32),	and	MC	(Mitochondrial	Carrier,	34).	Primary	active	transporters	(third	407	
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category)	 use	 a	 primary	 source	 of	 energy	 to	 drive	 the	 active	 transport	 of	 a	 solute	 against	 a	408	
concentration	gradient.	Eighty	proteins	representing	this	category	were	found	 in	the	E.	subulatus	409	
genome,	 including	 59	 ABC	 transporters	 and	 15	 belonging	 to	 the	 P-type	 ATPase	 superfamily.	 No	410	
homologs	 of	 group	 translocators	 or	 transmembrane	 electron	 carriers	 were	 identified,	 but	 14	411	
transporters	were	classified	as	category	9,	which	is	poorly	characterized.	A	1:1	ratio	of	orthologous	412	




Reactive	 oxygen	 species	 (ROS)	 scavenging	 enzymes,	 including	 ascorbate	peroxidases,	 superoxide	417	
dismutases,	 catalases,	 catalase	 peroxidases,	 glutathione	 reductases,	 (mono)dehydroascorbate	418	
reductases,	and	glutathione	peroxidases	are	important	for	the	redox	equilibrium	of	organisms	(see	419	















the	most	 variable	 functional	 groups	 of	 genes	 between	 Ectocarpus	 sp.	 Ec32	 and	 E.	 subulatus	 by	435	
comparative	genome	hybridization	experiments	(Dittami	et	al.,	2011).	We	have	added	the	putative	436	
E.	 subulatus	CBPs	 to	a	previous	phylogeny	of	Ectocarpus	sp.	Ec32	CBPs	 (Dittami	et	al.,	2010)	and	437	
found	both	a	small	group	of	LHCX	CBPs	as	well	as	a	larger	group	belonging	to	the	LHCF/LHCR	family	438	
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16	Mya	 (Dittami	et	 al.,	 2012),	 i.e.	 slightly	 before	e.g.	 the	 split	 between	Arabidopsis	 thaliana	 and	447	
Thellungiella	 salsuginea	 7-12	Mya	 (Wu	et	al.,	 2012).	According	 to	our	analysis,	 the	 split	between	448	









been	 identified	as	one	potential	driver	of	 local	adaptation	and	speciation	 in	other	model	systems	458	





pair	 of	 LTR-like	 sequences.	 These	 elements	 lacked	 both	 the	 group	 antigen	 (GAG)	 and	 reverse	464	
transcriptase	(POL)	proteins,	which	implies	that,	if	retro-transposition	was	the	mechanism	underlying	465	
the	 expansion	 of	 this	 group	 of	 proteins,	 it	 would	 have	 depended	 on	 other	 active	 transposable	466	
elements	to	provide	these	activities.	467	
The	second	major	factor	that	impacted	the	Ectocarpus	genomes	were	viruses.	Viral	infections	are	a	468	
common	 phenomenon	 in	 Ectocarpales	 (Müller	 et	 al.,	 1998),	 and	 a	 well-studied	 example	 is	 the	469	
Ectocarpus	siliculosus	virus-1	(EsV-1)	(Delaroque	et	al.,	2001).	It	was	found	to	be	present	latently	in	470	
host	cells	of	several	strains	of	Ectocarpus	sp.	closely	related	to	strain	Ec32,	and	has	also	been	found	471	
integrated	 in	 the	genome	of	 the	 latter	 strain,	 although	 it	 is	not	expressed	 (Cock	et	al.,	 2010).	As	472	
previously	indicated	by	comparative	genome	hybridization	experiments	(Dittami	et	al.,	2011),	the	E.	473	
subulatus	genome	does	not	contain	a	complete	EsV-1	like	insertion,	although	a	few	shorter	EsV-1-474	








changes	 in	 salinity	or	 to	drought	 in	 terrestrial	 plants	have	previously	highlighted	 genes	 generally	483	
involved	 in	 stress	 tolerance	 to	 be	 expanded	 in	 “extremophile”	 organisms.	 Examples	 are	 the	484	
expansion	of	catalase,	glutathione	reductase,	and	heat	shock	protein	families	in	desert	poplar	(Ma	485	
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a	 few	 genomic	 differences	 that	match	 these	 expectations.	E.	 subulatus	 possesses	 two	 additional	488	
HSP20	 proteins	 and	 has	 an	 expanded	 family	 of	 CBPs	 probably	 involved	 in	 non-photochemical	489	





Another	 anticipated	 adaptation	 to	 life	 in	 varying	 salinities	 lies	 in	 modifications	 of	 the	 cell	 wall.	495	
Notably,	 the	 content	 of	 sulfated	 polysaccharides	 is	 expected	 to	 play	 a	 crucial	 role	 as	 these	496	
compounds	 are	 present	 in	 all	 marine	 plants	 and	 algae,	 but	 absent	 in	 their	 freshwater	 relatives	497	
(Kloareg	and	Quatrano,	1988;	Popper	et	al.,	2011).	The	fact	that	we	found	only	small	differences	in	498	
the	number	of	encoded	sulfatases	and	sulfotransferases	indicates	that	the	absence	of	sulfated	cell-499	







al.,	 2017).	 In	 our	 study,	 however,	 we	 found	 no	 indication	 of	 genomic	 differences	 related	 to	507	
transporters	 between	 the	 two	 species.	 This	 observation	 corresponds	 to	 previous	 physiological	508	
experiments	indicating	that	Ectocarpus,	unlike	many	terrestrial	plants,	responds	to	strong	changes	509	










gene	 under	 positive	 selection,	 a	 mannosyl-oligosaccharide	 1,2-alpha-mannosidase,	 is	 probably	520	
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positive	 selection,	 84%	 were	 also	 entirely	 unknown,	 and	 92%	 represented	 genes	 taxonomically	530	
restricted	to	brown	algae.	In	addition,	we	identified	1,629	lineage-specific	genes,	of	which	88%	were	531	
entirely	unknown.	These	genes	were	for	the	most	part	expressed	and	are	thus	likely	to	correspond	532	

















observed,	 have	 previously	 been	 reported	 to	 be	 strongly	 regulated	 in	 response	 to	 environmental	550	
stress	 in	 Ectocarpus	 (Dittami	 et	 al.,	 2009;	 Dittami	 et	 al.,	 2012;	 Ritter	 et	 al.,	 2014).	 This	 high	551	
transcriptomic	plasticity	 is	probably	one	of	 the	 features	 that	allow	Ectocarpus	 to	 thrive	 in	a	wide	552	




of	 allopatric	 speciation.	 Its	 genome	 has	 since	 been	 shaped	mainly	 by	 the	 activity	 of	 viruses	 and	557	
transposons,	particularly	large	retrotransposons.	Over	this	period	of	time,	E.	subulatus	has	adapted	558	
to	environments	with	high	abiotic	variability	including	brackish	water	and	even	freshwater.	We	have	559	
identified	 a	 number	 of	 genes	 that	 likely	 contribute	 to	 this	 adaptation,	 including	 HSPs,	 CBPs,	 a	560	
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facilitate	 the	 implementation	 of	 global	 approaches	 based	 on	 the	 use	 of	 metabolic	 network	573	
reconstructions	(Dittami	et	al.,	2014;	Levy	et	al.,	2015).	574	
Materials	and	Methods	575	
Biological	 material.	 Haploid	 male	 parthenosporophytes	 of	 E.	 subulatus	 strain	 Bft15b	 (Culture	576	
Collection	of	Algae	and	Protozoa	CCAP	accession	1310/34),	isolated	in	1978	by	Dieter	G.	Müller	in	577	
Beaufort,	North	Carolina,	USA,	were	grown	in	14	cm	(ca.	100	ml)	Petri	Dishes	in	Provasoli-enriched	578	
seawater	 (Starr	 and	 Zeikus,	 1993)	 under	 a	 14/10	daylight	 cycle	 at	 14°C.	 Approximately	 1	 g	 fresh	579	
weight	of	algal	culture	was	dried	on	a	paper	towel	and	 immediately	frozen	in	 liquid	nitrogen.	For	580	
RNA-seq	 experiments,	 in	 addition	 to	 Bft15b,	 a	 second	 strain,	 the	 diploid	 freshwater	 strain	 CCAP	581	
1310/196	 isolated	 from	Hopkins	 River	 Falls,	 Australia	 (West	 and	 Kraft,	 1996),	was	 included.	One	582	
culture	was	grown	as	described	above	for	Bft15b,	and	for	a	second	culture,	seawater	was	diluted	20-583	
fold	with	distilled	water	prior	to	the	addition	of	Provasoli	nutrients	(Dittami	et	al.,	2012).	584	
Flow	 cytometry	 experiments	 to	 measure	 nuclear	 DNA	 contents	 were	 carried	 out	 as	 described	585	
(Bothwell	et	al.,	2010),	except	that	young	sporophyte	tissue	was	used	instead	of	gametes.	Samples	586	
of	 the	 genome-sequenced	 Ectocarpus	 sp.	 strain	 Ec32	 (CCAP	 accession	 1310/4	 from	 San	 Juan	 de	587	
Marcona,	Peru),	were	run	in	parallel	as	a	size	reference.	588	
Nucleic	acid	extraction	and	sequencing.	DNA	and	RNA	were	extracted	using	a	phenol-chloroform-589	
based	method	according	to	Le	Bail	et	al.	 (2008).	For	DNA	sequencing,	four	 Illumina	 libraries	were	590	
prepared	and	sequenced	on	a	HiSeq	2000:	one	paired-end	library	(Illumina	TruSeq	DNA	PCR-free	LT	591	
Sample	Prep	kit	#15036187,	sequenced	with	2x100	bp	read	 length),	and	three	mate-pair	 libraries	592	
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Removal	 of	 bacterial	 sequences:	 As	 cultures	 were	 not	 treated	 with	 antibiotics	 prior	 to	 DNA	610	










Assessment	of	 genome	completeness:	BUSCO	2.0	analyses	 (Simão	et	al.,	 2015)	were	 run	on	 the	621	
servers	 of	 the	 IPlant	 Collaborative	 (Goff	 et	 al.,	 2011)	 with	 the	 general	 eukaryote	 database	 as	 a	622	
reference	and	default	parameters.	BUSCO	internally	uses	Augustus	(Stanke	et	al.,	2004)	to	predict	623	






diverged.	 Both	 organellar	 genomes	were	 visualized	 using	OrganellarGenomeDRAW	 (Lohse	 et	 al.,	630	
2013)	and	aligned	with	the	Ectocarpus	sp.	Ec32	organelles	using	Mauve	2.3.1	(Darling	et	al.,	2004).	631	
Gene	prediction.	Putative	protein-coding	sequences	were	identified	using	Eugene	4.1c	(Foissac	et	632	
al.,	 2008).	 RNA-seq	 reads	 were	mapped	 against	 the	 assembled	 genome	 using	 GenomeThreader	633	
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Functional	 annotation.	 Predicted	 proteins	 were	 compared	 to	 the	 Swiss-Prot	 database	 by	 BlastP	639	
search	(e-value	cutoff	1e-5),	and	the	results	imported	to	Blast2GO	(Götz	et	al.,	2008),	which	was	used	640	
to	 run	 InterPro	 domain	 searches	 and	 automatically	 annotate	 proteins	 with	 a	 description,	 GO	641	
numbers,	and	EC	codes.	The	genome	and	all	automatic	annotations	were	imported	into	Apollo	(Lee	642	
et	al.,	2013;	Dunn	et	al.,	2017)	for	manual	curation.		643	
Metabolic	 network	 reconstruction.	 The	 E.	 subulatus	 genome-scale	 metabolic	 model	 (GEM)	644	
reconstruction	 was	 carried	 out	 as	 previously	 described	 by	 Prigent	 et	 al.	 (2014)	 by	 merging	 an	645	
annotation-based	reconstruction	obtained	with	Pathway	Tools	(Karp	et	al.,	2016)	and	an	orthology-646	
based	 reconstruction	 based	 on	 the	Arabidopsis	 thaliana	metabolic	 network	AraGEM	 (de	Oliveira	647	
Dal’Molin	et	al.,	2010)	using	Pantograph	(Loira	et	al.,	2015).	A	final	step	of	gap-filling	was	then	carried	648	
out	using	the	Meneco	tool	(Prigent	et	al.,	2017).	The	entire	reconstruction	pipeline	is	available	via	649	
the	 AuReMe	 workspace	 (Aite	 et	 al.,	 2018;	 http://aureme.genouest.org/).	 For	 pathway-based	650	
analyses,	pathways	that	contained	only	a	single	reaction	or	that	were	less	than	50%	complete	were	651	
not	considered.		652	
Genome	 comparisons.	 Functional	 comparisons	 of	 gene	 contents	 were	 based	 primarily	 on	653	
orthologous	clusters	of	genes	shared	with	version	2	of	the	Ectocarpus	sp.	Ec32	genome	(Cormier	et	654	
al.,	 2017)	 as	 well	 as	 the	 Saccharina	 japonica	 (Areschoug)	 genome	 (Ye	 et	 al.,	 2015).	 They	 were	655	
determined	by	the	OrthoFinder	software	version	0.7.1	(Emms	and	Kelly,	2015).	For	any	predicted	656	
proteins	 that	were	 not	 part	 of	 a	multi-species	 cluster,	we	 verified	 the	 absence	 in	 the	 other	 two	657	
genomes	also	by	tblastn	searches.	Proteins	without	hit	(threshold	e-value	of	1e-10)	were	considered	658	















Phylogenetic	 analyses.	 Phylogenetic	 analyses	 were	 carried	 out	 for	 gene	 families	 of	 particular	674	
interest.	 For	 chlorophyll-binding	 proteins	 (CBPs),	 reference	 sequences	 were	 obtained	 from	 a	675	
previous	study	(Dittami	et	al.,	2010),	and	aligned	together	with	E.	subulatus	and	S.	 japonica	CBPs	676	
using	 MAFFT	 (G-INS-i)	 (Katoh	 et	 al.,	 2002).	 Alignments	 were	 then	 manually	 curated,	 conserved	677	
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and	 an	 estimation	 of	 the	 gamma	 distribution	 parameter.	 The	 resulting	 phylogenetic	 tree	 was	680	
visualized	 using	MEGA7	 (Kumar	 et	 al.,	 2016).	 The	 same	 procedure	was	 also	 used	 in	 the	 case	 of	681	
selected	Ankyrin	Repeat	domain-containing	proteins.	682	
Data	 availability:	 Raw	 sequence	 data	 (genomic	 and	 transcriptomic	 reads)	 as	 well	 as	 assembled	683	
scaffolds	 and	 predicted	 proteins	 and	 annotations	 were	 submitted	 to	 the	 European	 Nucleotide	684	
Archive	(ENA)	under	project	accession	number	PRJEB25230	using	the	EMBLmyGFF3	script	 (Dainat	685	
and	Gourlé,	2018).	A	JBrowse	(Skinner	et	al.,	2009)	instance	comprising	the	most	recent	annotations	686	
is	 available	 via	 the	 server	 of	 the	 Station	 Biologique	 de	 Roscoff	 (http://mmo.sb-687	
roscoff.fr/jbrowseEsu/?data=data/public/ectocarpus/subulatus_bft).	 The	 reconstructed	 metabolic	688	
network	of	E.	subulatus	is	available	at	http://gem-aureme.irisa.fr/sububftgem.	Additional	resources	689	
and	 annotations	 including	 a	 blast	 server	 are	 available	 at	 http://application.sb-690	
roscoff.fr/project/subulatus/index.html.	 The	 complete	 set	 of	 manual	 annotations	 is	 provided	 in	691	
Supporting	Information	Table	S1.	692	
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pairs	 with	 one	 copy	 in	 each	 examined	 species	 of	 Ectocarpus.	 Gene	 pairs	 with	 dN/dS	 >	 1	 are	1101	
considered	to	be	under	positive	selection	and	displayed	in	red	panel	A.	The	resulting	ratio	was	plotted	1102	



















y = -0.0455x + 0.2963
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sp.,	 Ectocarpus	 sp.	 Ec32;	 E.	 su,	 Ectocarpus	 subulatus;	 S.	 ja,	 Saccharina	 japonica;	 GT,	1107	
glycosyltransferase;	 GH,	 glycosyl	 hydrolase;	 vBPO,	 vanadium-dependent	 bromoperoxidase;	 vIPO,	1108	
vanadium-dependent	 ioperoxidase;	vHPO,	vanadium-dependent	haloperoxidase;	TPO,	homolog	of	1109	
thyroid	peroxidase;	HLD,	haloalkane	dehalogenase;	MPI,	mannose-6-phosphate	 isomerase;	PMM,	1110	





(OMT);	POX,	polyphenol	oxidase;	TYR,	 tyrosinase.	*for	GT31,	 three	genes	have	been	 identified	 in	1116	
Ectocarpus	sp.	Ec32	in	the	present	study	that	have	not	been	initially	annotated	in	the	corresponding	1117	
genome	 (Cock	 et	 al.,	 2010)	 and	 companion	 paper	 (Michel	 et	 al.,	 2010).	 n.	 i.:	 The	 presence	 of	1118	
sulfatases	in	the	S.	japonica	genome	was	not	indicated	in	the	corresponding	paper	(Ye	et	al.,	2015)		1119	
GENES: E.	sp. E.	su S.	ja GENES: E.	sp. E.	su S.	ja GENES: E.	sp. E.	su S.	ja
Glycosyltransferases GT54 1 0 0 Glycoside	hydrolases
GT1 1 1 3 GT57 2 2 2 GH1 3 2 1
GT2 11 9 24 GT58 1 1 1 GH2 2 3 3
GT4 13 14 13 GT59 1 1 0 GH3 1 1 1
GT7 1 1 1 GT60 3 4 1 GH5 2 2 2
GT8 3 4 5 GT64 2 2 3 GH10 1 1 1
GT10 1 1 2 GT65 1 0 0 GH13 0 0 1
GT13 2 2 1 GT66 1 0 0 GH16 6 7 3
GT14 5 5 1 GT68 0 0 2 GH17 1 1 2
GT15 1 0 0 GT74 1 0 1 GH18 0 0 1
GT18 0 1 0 GT76 1 1 1 GH30 1 0 1
GT20 6 8 4 GT77 1 0 11 GH31 1 1 0
GT22 3 3 2 GT90 0 0 1 GH36 2 2 0
GT23 2 2 17 GT92 0 0 2 GH37 1 1 1
GT24 1 2 0 GTnc 0 6 0 GH38 1 1 0
GT25 3 0 1 GH47 5 5 2
GT27 0 0 1 Alginate	metabolism GH63 1 1 0
GT28 0 3 4 MPI 4 4 5 GH81 5 4 53
GT31 3* 5 4 PMM 1 0 1 GH85 1 1 1
GT33 1 1 0 MPG 0 0 ? GH88 6 3 1
GT34 1 1 1 GMD 3 2 3 GH95 1 1 0
GT41 3 3 4 MS 2 1 1 GH114 0 0 7
GT47 8 5 14 ManC5-E 28 24 105 GH128 0 0 1
GT48 3 4 2
GT49 3 2 1 Fucan	metabolism
GT50 1 0 1 FK 2 1 1 PKS	III 3 3 2
GFPP 2 1 1 CHIL 2 2 2
Halogen	metabolism GM46D 2 2 1 AST 5 3 7
vBPO 1 1 17 GFS 1 1 1 FGT 1 1 1
vIPO 0 0 59 OMT 1 1 1
vHPO 5 3 2 Sulfatases	&	sulfotransferases	(ST) POX 1 1 2
TPO 7 5 19 Sulfatases 9 9 n.	i. TYR 28 20 22
HLD 1 0 0 ST 15 13 24
Phenolics
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Figure	6:	Maximum	 likelihood	 tree	of	E.	 subulatus	 Bft15b	 (orange)	Ectocarpus	 sp.	 Ec32	 (blue),	S.	1122	
latissima	(purple),	and	diatom	(Thalassiosira	pseudonana	and	Phaeodactylum	tricornutum,	grey)	CBP	1123	








	 Ectocarpus	Ec32	 E.	subulatus	Bft15b	 S.	japonica	
Sequencing	strategy	 Sanger+Bac	libraries	 Illumina	(PE+MP)	 Illumina	PE+PacBio	
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subulatus	 Bft15b	 after	 manual	 identification	 of	 false	 positives,	 and	 removal	 of	 clusters	 without	1139	
functional	annotation	or	related	to	transposon	or	viral	sequences.	1140	
Cluster(s)	 #	Ec32	 #	Bft15b	 Putative annotation or functional domain 
Cell-wall	related	proteins 
OG0000597	 1	 3	 Peptidoglycan-binding domain 
OG0000284,	-782,	-118	 6	 12	 Carbohydrate-binding WSC domain	
OG0000889	 1	 2	 Cysteine desulfuration protein 
OG0000431	 1	 3	 Galactose-3-O-sulfotransferase (partial) 
Transcriptional	regulation	and	translation 
OG0000785	 1	 2	 AN1-type zinc finger protein 
OG0000059	 4	 10	 C2H2 zinc finger protein 
OG0000884	 1	 2	 Zinc finger domain 
OG0000766 1 2 DNA-binding SAP domain 
OG0000853 1 2 RNA binding motif protein 
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OG0000171 1 6 Helicase 
OG0000819 1 2 Fungal transcriptional regulatory protein domain  
OG0000723 1 2 Translation initiation factor eIF2B 
OG0000364 2 3 Ribosomal protein S15 
OG0000834 1 2 Ribosomal protein S13 
Cell-cell communication and signaling 
OG0000967 1 2 Ankyrin repeat-containing domain 
OG0000357 2 3 Regulator of G protein signaling domain 
OG0000335 2 3 Serine/threonine kinase domain 
OG0000291 2 3 Protein kinase 
OG0000185 3 4 Octicosapeptide/Phox/Bem1p domain 
Others 
OG0000726 1 3 HSP20 
OG0000104 1 9 Light harvesting complex protein 
OG0000277 3 3 Major facilitator superfamily transporter 
OG0000210 2 4 Cyclin-like domain 
OG0000721 1 2 Myo-inositol 2-dehydrogenase 
OG0000703 1 2 Short-chain dehydrogenase 
OG0000749 1 2 Putative Immunophilin 
OG0000463 1 3 Zinc-dependent metalloprotease with notch domain 
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